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ABSTRACT 
Environmental hydrogen embrittlement of iron base alloys is a complex 
phenomenon and is shown in this study to remain complex even under systematic 
investigation in simple, well-characterized environments using a single alloy 
system and a single test technique. 
da/dt, was studied in AISI-SAE 4130 low alloy steel in gaseous hydrogen and 
distilled water environments as a function of applied stress intensity, K, at 
various temperatures, hydrogen pressures, and alloy strength levels. At low 
values of K, da/dt was found to exhibit a strong exponential K dependence 
(Stage I growth) in both hydrogen and water. 
Hydrogen-induced slow crack growth, 
In hydrogen the value of K 
required to attain a given 
varied inversely with both 
directly with temperature. 
observed; however, K for a 
value of (da/dt)I was determined quantitatively and 
hydrogen pressure and alloy strength level and 
In water a similar strength level dependence was 
given (da/dt)I was found to be essentially inde- 
pendent of test temperature. At intermediate values of K, da/dt exhibited a 
small but finite K dependence (Stage 11), with the Stage I1 slope being 
greater in hydrogen than in water. 
varied inversely with alloy strength level and varied essentially in the same 
complex manner with temperature and hydrogen pressure as noted previously. 
In water at a constant value of K, (da/dt)II was also inversely related to 
alloy strength level and was a complex function of temperature. 
In hydrogen, at a constant K, (da/dt)II 
The results 
of the present study provide support for most of the qualitative predictions 
of the lattice decohesion theory as recently modified by Oriani. The lack of 
quantitative agreement between data and theory and the inability of theory 
to explain the observed pressure dependence of slow crack growth are mentioned 
and possible rationalizations to account for these differences are presented. 
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INTRODUCTION 
Hydrogen originating from its equilibrium position within the metal lat- 
tice, from a gaseous hydrogen environment in contact with the metal, or from 
the product of a heterogeneous surface reaction can strongly influence the 
fracture behavior of body-centered-cubic iron base alloys. This influence 
occurs primarily through a reduction in the ability of the metal to adsorb 
energy during either the initiation or growth stages of fracture. 
Most hydrogen embrittlement processes are extremely complex, particularly 
when the embrittling species orginates in the environment. 
only interact with the metal lattice to reduce its energy adsorbing ability, 
but it must also be transported from its origin in the environment to the loca- 
tion where this interaction can occur. In fact, these latter processes, the 
kinetic or rate processes, can be as important as the interaction processes 
and under many conditions can control the rate or severity of embrittlement. 
From an engineering standpoint, it is many times the knowledge and/or control 
of these kinetic processes which will permit a potentially susceptible alloy 
to be used safely in a critical structure exposed to a hydrogen environment. 
Hydrogen must not 
Any theory which adequately explains the overall processes of embrittle- 
ment must include both the kinetic as well as the mechanistic aspects. 
Spiedel(l) postulates the following five points to be necessary in the devel- 
opment of such a theory: 
Qualitative observation of the phenomenon. 
Systematic quantitative measurements of the phenomenon. 
A plausible working hypothesis. 
Development of the working hypothesis into a quantitative theory. 
Comparison of the theoretical predictions with the quantitative 
experimental observations. 
I 
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As can be seen from the volume and content of the papers presented at 
this conference alone, we are well on the road to the development of a working 
theory. There are a great number of excellent qualitative observations and an 
adequate number of plausible working hypotheses, with some approaching a semi- 
quantitative state. What is needed, however, are reliable quantitative mea- 
surements that can be compared with these theories. 
Numerous experimental investigations have been made to understand the 
phenomenon of hydrogen embrittlement. 
number of service failures attributed to hydrogen embrittlement and by the 
increasing technological importance of hydrogen. Unfortunately, however, a 
vast majority of the investigators have studied the influence of hydrogen on 
such properties as tensile elongation, ultimate strength, and notch strength. 
These investigations have been useful for screening materials, processes or 
environments, but because of their qualitative nature, they have done little 
to increase our understanding of the specific embrittlement mechanism. 
tensile properties of metals are qualitative because they involve such a 
variety of interrelated factors that the hydrogen-sensitive factors cannot 
be isolated. 
These are motivated both by the large 
The 
The development of fracture mechanics has resulted in a better understand- 
ing of fracture processes. 
associated with the crack growth stage of fracture affords the most promising 
quantitative measure of embrittlement. In a hydrogen environment, crack growth 
occurs under the combined influence of hydrogen and stress at the crack tip. 
If the crack tip stress can be defined adequately, crack growth rate becomes 
a quantitative measure of environmental influence. 
mechanics provides at least the basis for characterizing partially the crack 
tip stress by a single parameter known as stress intensity, K. 
It has become apparent that some parameter(s) 
Linear elastic fracture 
Unfortunately, 
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this analysis is not perfect for metals; metals are never truly elastic but 
invariably involve some plastic deformation at the crack tip. 
istic presents some problems in the analysis of experimental data. 
less, the relationship between the environment-induced crack growth rate, 
da/dt, and the applied stress intensity, K, serves as the best quantitative 
description of the embrittlement process. 
This character- 
Neverthe- 
It has recently been demonstrated that the general form of the curve for 
crack growth rate, da/dt, versus stress intensity, K, for iron base alloys in 
gaseous hydrogen (2-4) and in water(5) is similar to that observed for other 
metals ( 6 )  and environments, (197) as shown schematically in Fig. 1. 
consists of three distinct stages: 
dependent on K (Stage I); at intermediate values of K, da/dt becomes relatively 
independent of K (Stage 11); and as K approaches the critical value of stress 
Stages I and I1 are con- intensity, 
sidered to arise from the chemical interaction between the environment and 
the metal lattice at or near the crack tip, with the mechanical influence on 
crack growth occurring primarily through the interaction with this chemical 
influence. 
assuming Stages I and I1 each represent a distinct rate process, the overall 
observed crack growth rate can be written as a simple function of the indivi- 
dual rates: 
The curve 
at low values of K, da/dt is strongly 
da/dt increases rapidly (Stage 111). 
KC' 
(8) From the form of Fig. 1 and multi-reaction rate theory, 
1 1 = -  + 1. 
m o v e r  a1 1 (%-)I RI1 
where the individual processes are sequential in their operation, and with the 
slowest process controlling the overall rate. 
in an inert environment. 
Stage I11 has been observed in 
Thus, it is not strongly dependent on interaction 
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with the environment and is primarily a mechanical effect. For completeness, 
however, the overall crack growth rate over the full range of stress intensi- 
ties of Fig. 1 can be expressed as a function of the three individual growth 
rates in the following manner: 
r 1-1 
where Stages I and I1 are sequential processes and Stage I11 is parallel to 
the operation of the first two. 
Most previous attempts at a quantitative experimental investigation of 
environmental hydrogen embrittlement have been incomplete and have not covered 
a sufficient range of stress intensities to include both Stage I and Stage I1 
growth. For example, earlier studies'"' designed to reveal the processes 
involved in the low pressure gaseous hydrogen embrittlement of a high strength 
iron base alloy were'restricted to a single applied stress intensity. These 
studies demonstrated the importance of kinetic processes to hydrogen-induced 
crack growth at that stress intensity, but were incapable of describing the 
overall process of crack growth under combined chemical and mechanical influ- 
ences. It is a description of this relationship and the quantitative defini- 
tion of the influence of parameters such as temperature, hydrogen fugacity, 
and yield strength on the relationship that are required for comparison in order 
to develop an overall theory of environmental embrittlement. 
The purpose of this paper is t o  initiate a quantitative understanding of 
the chemical and mechanical influences involved in Stage I and Stage I1 crack 
growth in iron base alloys. 
made on one iron base alloy as a function of temperature, pressure, and yield 
We will review recent quantitative observations 
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strength, when the alloy was exposed to environments of low pressure, high 
purity hydrogen and distilled water. 
quantitative relationships between da/dt and K, T, P and u for Stage I 
and Stage I1 crack growth in hydrogen and water. 
An attempt will be made to develop 
H2 ' tY 
We will compare these 
relations measured in the two environments in an attempt t o  separate the 
kinetic and mechanistic aspects of the embrittlement process. 
discuss what is thought to be the most complete of the previously proposed 
theories on environmental hydrogen embrittlement. Finally, we will compare 
the predictions of this theory with the observed experimental data in an 
effort to elucidate the further theoretical development of an adequate, 
consistent theory of environmental embrittlement. 
Next, we will 
EXPERIMENTAL OBSERVATIONS 
The experimental results summarized herein have recently been reported 
in detail as a NASA Technical Note. (12) Briefly, the material used in this 
study was commercially obtained AISI-SAE 4130 low alloy steel, having the 
nominal composition Fe-1 Cr-0.2 Mo-0.30 C. 
from 843OC and tempered at temperatures between 25OoC and 54OoC for 2 hours to 
obtain the desired alloy strength. The crack growth rate studies were conduc- 
ted on "double-torsion" (DT) type specimens as first described by Kies and 
Clark (13) and recently discussed in this application by Williams and Evans. 
Tests were conducted at constant displacement, while the change in load was moni- 
tored with time. 
compute the stress intensity and the crack growth rate, respectively. 
data were analyzed using the least-squares method. 
All specimens were water quenched 
(14) 
The instantaneous load and rate of change in load were used to 
All 
Those tests conducted in a hydrogen environment were performed in an all 
metal-sealed, stainless steel test chamber evacuated to less than l ~ l O - ~  torr 
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prior to backfilling with high purity hydrogen. 
formed in distilled water (having a pH of approximately 6 )  were carried out 
The tests which were per- 
under conditions of uncontrolled circuit potential, 
Gaseous Hydrogen Environment 
The general form of the variation of da/dt with K observed in the present 
study for 4130 steel in a high purity gaseous hydrogen environment is similar 
to that observed by others for other alloy systems. (2-4) Such a curve is 
shown in Fig. 2 and covers the full range of K values up to the critical stress 
intensity. For comparison, the data obtained by Hudak for 18 Ni (250) maraging 
steel are also shown on this curve. (3) Although these two iron base alloys 
have slightly different strength levels and were tested at somewhat different 
hydrogen pressures, the observed crack growth rates are comparable. Addition- 
ally, in Stage I, the K dependence of (da/dt)I appears similar; however, in 
Stage 11, 4130 steel exhibits a finite K dependence, unlike maraging steel in 
which (da/dt)II appears independent of K. Such a variation in the K depen- 
dence of (da/dt)II with the alloy system is not unexpected for iron base alloys. 
Similar behavior has been repeatedly observed in water environments and has 
been discussed in detail by Carter. (5) 
In 4130 steel, (da/dt), exhibited a strong (but still finite) K dependence 
down to at least 1x10-* m s , which was the resolution of this study. Because 
of the very limited range of K involved in Stage I growth, the exact functional 
relation could not be definitely established. As seen in Fig. 2, however, the 
data do appear to obey an exponential relationship, at the least to a good 
approximation, and thus can be expressed by the proportionality: 
-1 
(da/dt)I ci exp K (3) 
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In Stage 11, (da/dt)II is seen from Fig. 2 to be much less dependent on 
K than (da/dt)I and is typical of most data of this study. It will be seen, 
however, that when the experimental conditions are such that Stage I1 growth 
occurs at values of K approaching the critical stress intensity, (da/dt)II 
becomes significantly more dependent on K. This relation is the exception and 
will be discussed in detail in a later section. Again, because of the limited 
range of data, some ambiguity exists as to the exact functional form which 
best describes Stage 11. By the least-squares method, the K dependence of 
(da/dt)II was found to be equally well expressed by either an exponential or 
a power relationship: 
(da/dt)II a exp 0.1 K (4) 
or 
(da/dt)II a K 3 o 5  (5) 
As mentioned previously, this observed K dependence of Stage I1 growth differs 
(3) from the K independence previously observed for 18 Ni (250) maraging steel 
and indicated for H-11 steel. (2) 
The fracture surfaces of failed specimens were analyzed using a scanning 
electron microscope (SEM). Figures 3 through 6 are scanning electron micro- 
graphs of typical fracture surfaces associated with crack growth at decreasing 
applied stress intensities for one of the 4130 steel specimens of Fig. 2. 
These figures are consistent with previous observations;") it can be seen 
that the fracture mode appears to change from a ductile mode at high stress 
intensities to nearly total intergranular failure at low stress intensities. 
The fracture surface at high stress intensities (- 45 MN m -3/2) near the trans- 
ition from Stage I1 to Stage I11 growth (Fig. 2 ) ,  as seen in Fig. 3 ,  
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contains large areas exhibiting multiple dimples (the normal ductile mode 
of failure for high strength steels), with g few areas less dimpled and 
somewhat intergranular. 
in Stage 11 ,  fracture is associated with a fairly even mixture of ductile 
tearing and intergranular attack (Fig. 4 ) .  At low stress intensities 
(- 25 MN m -3 /2)  in Stage 11, fracture appears to be primarily by intergranular 
failure with some evidence of ductile failure (Fig. 5). Finally, in Stage I 
(Fig. 6), fracture is intergranular with some minor deformation evidence on the 
intergranular facets. 
At moderate stress intensities (- 32 MN m-3/2), still 
The Influence of Temperature 
The K dependence of da/dt was studied at various temperatures in 
7 7 . 3  kN m-2 hydrogen for 4130 steel which had been heat-treated to two strength 
levels. A summary of the data observed for the higher strength material 
= 1330 MN m-2, atu = 1600 MN is shown in Fig. 7 and for the lower (Oty 
strength material (a = 1190 MN m-’, atu = 1310 MN rn-2) in Fig. 8. As can be 
tY 
seen in these figures, for a constant crack growth rate, Stage I occurs at 
increasing values of K with increasing temperature. 
in Fig. 9, which is a plot of the log K observed for Stage I (at a constant crack 
growth rate of 1x10-8m s-’) versus log test temperature. 
following proportional relationships: 
This effect is better seen 
These data yield the 
for high strength material 
= 1330 MN m-2) i (Oty 
and for lower strength material (a = 1190 MN m-2) tY 
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From these equations, (da/dt)I can be approximately described by the relation: 
(da/dt) I c1 exp (K/Tn) (6) 
where n equals 2 at the higher strength levels and decreases somewhat as yield 
strength decreases. This observed temperature dependence is significantly 
greater than that suggested by the limited data of the previous studies on 
18 Ni (250) maraging steel(3) and H-11 steel. (2) 
In order to establish whether or not the temperature dependence of Stage I 
is the result of some irreversible process such as surface contamination or 
plastic deformation at the crack tip, a specimen containing a propagating 
crack in Stage I was cooled as rapidly as possible from a high temperature to 
a low one. The data are summarized in Fig. 10. The solid curves in this fig- 
ure were taken from Fig. 7. The crack was allowed to propagate at 102OC under 
decreasing K, well into Stage I. At a K of approximately 33 MN m-3/2, the 
specimen temperature was changed to 24OC as rapidly as possible (< 5 min). 
Immediately, da/dt was observed to increase from l ~ l O - ~  m s 
temperature, reaching a value of 7x10 m s 
tation or delay time. 
-1 with decreasing 
-5 -1 at 24OC with no resolvable hesi- 
Stage I1 crack growth over most of the temperature range of this study 
was similar in form for both materials. 
ted a much greater rate of crack growth at any given value of K than did the 
lower strength material. 
at high temperatures, the K dependence of (da/dt)II exhibited anomalous 
behavior and increased rapidly. Excluding this anomalous behavior, it is 
seen in Figs. 7 and 8 that for a given value of K, (da/dt)II is a complex 
function of temperature. 
The higher strength material exhibi- 
However, as Stage I1 moved to higher values of K 
As the temperature increases, the rate of Stage I1 
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growth for both strength levels first increases, goes through a maximum, and 
then decreases. 
Arrhenius plots, which are shown in Fig. 11. 
curves shown were determined to be the best fit curves when both sets of data 
were combined, and are identical. 
(Region I) and low temperatures (Region 111) obey Arrhenius relations, the 
heat of reaction at high temperatures is approximately -54,300 J mole-’ and 
at low temperatures is 16,700 J mole-’. 
that the temperature at which the maximum crack growth rate is observed 
(Region 11) shifts to lower temperatures as the strength level of the material 
decreases. The observed temperature dependence of (da/dt)II at low tempera- 
tures agrees well with that previously determined for 4130 steel (lo) and 
that observed for 18 Ni (250) maraging steel. (3) 
at high temperatures is, however, greater than that originally observed for 
This effect is more clearly presented in the form of 
The form and slopes of the two 
Assuming that the data at high temperatures 
Additionally, it is seen from Fig. 11 
The temperature dependence 
4130 steel (lo) and less than that indicated for 
overall functional dependence of (da/dt)II on K 
similar to that previously suggested (lo) and is 
where m is some constant. 
18 Ni (250) steel. (3) The 
can be expressed in a form 
given by 
exp (-16700/RT) (7 )  
The Influence of Hydrogen Pressure 
The K dependence of da/dt was studied as a function of hydrogen pressure 
at three temperatures corresponding to the three regions of Stage I1 crack 
growth (Fig. 11). The material examined had a yield stress of 1330 MN m-2 
and an ultimate stress of 1600 MN m-2. These data are summarized in Figs. 12, 
-12- 
13 and 14 for temperatures of -43, 25, and 7SoC, respectively. 
from these figures that variations in hydrogen pressure were found to influence 
the stress intensity at which Stage I was observed; the magnitude of (da/dt)II 
at a constant K in Stage I1 was also affected. 
It is seen 
The hydrogen pressure dependence observed for Stage I growth is better 
seen in Fig. 15, which is a plot of the logarithm of K observed for Stage I 
(at a constant crack growth rate of 1 ~ 1 0 - ~  m s-l) versus log hydrogen pressure 
for crack growth at each of the three test temperatures. The analysis of each 
data set at each temperature resulted in the same functional relationship, which 
is given by the proportionality: 
a p-o .2  
(K)I H2 
or from equation (3 ) ,  in terms of crack growth rate, 
These observations on Stage I growth are qualitatively similar to the trend 
of the pressure dependence indicated in the study on 18 Ni (250) maraging 
steel. (3 1 
The influence of hydrogen pressure on Stage I1 crack growth (Figs. 12, 
13 and 14) is better seen in Fig. 16. 
at a constant K (40 MN m -3’2) versus log hydrogen pressure at each of the 
This figure is a plot of log (da/dt)II 
three test temperatures. 
at -43’C (Region 111) 
Analysis of each set of data yield: 
- 13- 
at 24OC (Region 11) 
(da/dt)II a P102 
H2 
and at 75OC (Region I) 
. 
If the above expressions are approximated by POm5, p’ and pl”, respectively 
(as previously suggested‘”)), they can be substituted into equation (7) to 
obtain the general expression 
exp(-16700/RT) 
exp (72000/RT) 
+ P exp(72000 
H2 
This relation is similar to that previously determined for 4130 steel (lo) and 
in part verified for 18 Ni (250) maraging steel(3) in Region I11 and for H - 1 1  
steel”) in Regions I and 11. 
Finally, in an effort to establish if Stage I growth is the sole result 
of an applied fugacity (hydrogen pressure), as suggested by Oriani and 
Josephic, (”) or is the result of other influences, a crack propagating at one 
pressure in Stage I was rapidly exposed to a higher hydrogen pressure. 
data are summarized in Fig. 17. The solid curves were taken from Fig. 13. 
The crack was allowed to propagate under decreasing K from Stage I1 well into 
Stage I at a hydrogen pressure of 11.2 kN m-2. 
These 
At a constant stress intensity 
of about 23 MN m-3/2, the hydrogen pressure was rapidly (= 5 sec) raised to 
77.3 kN m-2. 
2.25~10-~ m s 
The crack growth rate immediately increased from 7.8~10-* to 
-1 with no observable hesitation or delay time. 
-14- 
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The Influence of Alloy Strength Level 
The K dependence of da/dt was studied in hydrogen at room temperature 
as a function of alloy strength level. These data are summarized in Fig. 18. 
It is seen that both Stage I and Stage I1 growth are influenced by variations 
in strength level. In Stage I ,  the stress intensity needed to obtain a given 
da/dt was found to increase as alloy strength was decreased. 
is better seen in Fig. 19, which is a plot of log K (observed at a constant 
da/dt of 1 ~ 1 0 - ~  m s-l) versus the log of the tensile yield strength and ulti- 
mate strength. 
This relationship 
These data yield the following relations: 
and 
or from equation (3, in terms of approximate yield strength: 
(da/dt)I a exp a5 K 
tY (131 
In Stage 11, the crack growth rate at a given value of K is seen to be a strong 
function of strength level, with (da/dt)II decreasing with decreasing strength 
level. 
constant; however, at the lower strength levels, it increases significantly. 
This relationship is similar to the anomalous behavior previously discussed for 
Stage I1 growth at high temperatures (Figs. 7 and 8). 
and Stage I1 crack growth are similar to the trends observed by Hudak in a com- 
parison of hydrogen-induced crack growth in 18 Ni (250) and 18 Ni (300) 
At the higher strength levels the K dependence of (da/dt) appears nearly 
These data for Stage I 
(3) maraging steels. 
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Water Environment 
The K dependence of da/dt in distilled water was studied in 4130 steel 
as a function of temperature and at two strength levels. 
studies have been performed on other iron base alloys,") the present study 
Although similar 
was conducted using identical material, heat treatments, and test techniques, 
so that the influences of a water environment and a gaseous hydrogen environ- 
ment could be quantitatively compared. 
The Influence of Temperature 
The observed K dependence of da/dt in water at various temperatures is 
summarized in Fig. 20 for 4130 steel having a yield stress of 1330 MN m-2 
and an ultimate stress of 1600 MN I I I - ~ .  As is seen from this figure, the 
forms of these curves are similar to those observed for this material in a 
hydrogen environment (Fig. 7). Stage I growth at each test temperature exhi- 
bits a strong (but still finite) dependence on K. The value of K required 
to obtain a given da/dt appears nearly independent of test temperature. 
a da/dt of M O - ~  m s-l, the value of K is found to be approximately 
16 MN m-3/2. 
At 
This value is slightly less than that observed in hydrogen near 
one atmosphere at room temperature and is similar to the "threshold" value 
observed in water for a number of other alloy systems. (5) 
Stage TI crack growth in water is seen in Fig. 20 to be K dependent. 
Analysis of each data set at temperatures between 12 and 53OC results in nearly 
identical relationships. 
be expressed equally well by either of the following two proportionalities: 
The functional relation between (da/dt)I and K may 
*' 
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(da/dt)II ct K 1 * 6  (15) 
Depending on the particular material and investigation, previous results 
indicate that the K dependence of Stage I1 growth varies from being independent 
of K to being linearly dependent. 
inherent scatter in this type of test, the results of the present study could 
be interpreted as approaching a linear dependence. 
Because of the limited range of data and 
In Stage 11, da/dt at a constant value of K is seen from Fig. 20 to be 
a strong function of temperature. 
in water (Fig. 20)  is much slower than that for material having the same 
strength level but tested in hydrogen at a pressure of 77.3 kN m-2 (Fig. 7). 
At 7ZoC, however, (da/dt)II in water is seen to be faster than in hydrogen. 
As discussed previously, the maximum crack growth rate in hydrogen was observed 
to be approximately l ~ l O - ~  m s 
For comparison, (da/dt) II at 24OC observed 
-1 and occurred at some temperature near 24OC 
(Fig. 11). 
approached at 72OC to 89°C and that this rate is also approximately l ~ l O - ~  m s 
It appears from Fig. 20 that in water, the maximum (da/dt)II is 
- 1  . 
Figure 21 is an Arrhenius plot of these data at a constant K. From this 
figure it is seen that the best fit curve through these data is not a straight 
line; thus these data do not obey a single Arrhenius relation. This observa- 
tion is inconsistent with the interpretation by other investigators of data 
on other alloy systems over a similar temperature range. 
Wi 1 lner (16) found the temperature dependence of  Stage I1 growth in H-11 steel 
to obey an Arrhenius relation yielding an activation energy of 37,600 J mole-'. 
Johnson and 
Likewise, Van Der Sluys (17) deduced a similar relationship for an iron alloy 
very similar to AISI 4130, i.e., AISI 4340 steel. However, their data at 
- 17- 
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lower temperatures tend to deviate from the suggested Arrhenius relation. 
is possible that at least for 4130 steel, Stage I1 growth in water is a complex 
function of temperature, similar to that observed in hydrogen (Fig. 11). A 
least-squares analysis of the four data points at the lower temperatures sug- 
gests an energy of activation of 79,500 J mole-'. 
It 
The Influence of Alloy Strength Level 
The general influence of alloy strength level on Stages I and I1 crack 
growth in water was determined by comparing the K dependence of da/dt observed 
at 24OC in 4130 steel having a yield strength of 1330 MN m-2 and an ultimate 
strength of 1660 MN m-2 (Fig. 20) with that observed in material having yield 
and ultimate stresses of 1230 MN m-2 and 1390 MN m-2, respectively. 
are summarized in Fig. 22. It is seen from this figure that both Stage I and 
Stage I1 growth in water are strongly influenced by alloy strength level. As 
the alloy strength decreases, K for a given (da/dt)I increases, and (da/dt)II 
for a given K decreases. 
to those observed in a gaseous hydrogen environment (Fig. 18). 
These data 
The trend and magnitude of these effects are similar 
DISCUSSION 
As may be seen from the results presented, embrittlement of iron base 
alloys by hydrogen and hydrogen producing environments is exceedingly complex, 
even when examined in a systematic manner in simple, well characterized environ- 
ments using a single alloy system and a single test technique. 
the main objective of this study has been accomplished: 
a set of quantitative data which can be compared with theory. 
beyond the scope of this paper to attempt to analyze or discuss all of these 
results in terms of the many theories proposed by various authors. Instead, 
for illustrative purposes only, we will discuss the results in terms of one 
Nevertheless, 
namely, to develop 
It is well 
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semi-quantitative theory. We will first present a brief description of this 
theory and next compare the predictions of the theory' with the experimental 
data observed in the present study; we will indicate where theory and observa- 
tion disagree and when possible, attempt to suggest modifications to the 
theory. 
Theory 
Historically, there have been three major mechanisms advanced to explain 
the detrimental influence of hydrogen on the iron lattice: (1) the planar 
pressure mechanism, (2) the surface energy mechanism, and (3) the lattice 
cohesion mechanism. The planar pressure model is generally accepted as.an 
explanation for a specific form of hydrogen embrittlement, but it is not appli- 
cable to environmental embrittlement, at least not that caused by a low pres- 
sure gaseous hydrogen environment. The two remaining models are similar in 
that they both postulate a reduction in lattice strength by the presence of 
hydrogen--the difference being only in the predicted location of this inter- 
action. Because of the lack of any real indication as to the quantity of 
hydrogen required to reduce the strength of a lattice, both of these models 
can be applied to environmental embrittlement, even low pressure gaseous hydro- 
gen embrittlement. 
Any complete theory of environmental embrittlement, however, must con- 
sider - both the mechanism by which the energy adsorbing ability of a metal 
lattice is reduced by the presence of a chemical species and the kinetic pro- 
cesses involved in getting the chemical species from the environment to the 
point where it can interact with the metal lattice. 
action and species transport are distinguishable from one another in that the 
The processes of inter- 
-19- 
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former is solely a function of the metal and the latter is a function of both 
the metal and the environment. 
The overall kinetic process involved in the transport of hydrogen to the 
point where it can interact with the metal can be very complex, reflecting the 
original location and form of the hydrogen atom, the pressure and temperature 
of the test, as well as secondary considerations, such as impurities present 
in the environment. 
embrittlement cannot be over-emphasized. 
involved in hydrogen transport is hindered or eliminated, the metal will be 
less susceptible to embrittlement and, in fact, may not exhibit embrittlement 
at all. 
The importance of transport reactions to environmental 
If any one of the reaction steps 
Oriani has recently combined the mechanistic and kinetic aspects . 
of environmental hydrogen embrittlement into what could be considered a 
semi-quantitative theory of hydrogen-induced cracking. 
essential argument of both the surface adsorption and the lattice decohesion 
models as a necessary, but not a sufficient condition for embrittlement. 
essence of this approach is that a crack will grow in a metal when the local 
tensile stress, uz, across the plane of the crack equals the maximum cohesive 
force, nF,, of the metal lattice and that this force can be lowered by the 
stress-induced accumulation of hydrogen at this location. This process is 
described by the following two equations: 
It recognizes the 
The 
1 
. 
c1(o;, fH, da/dt)M 5 ctt 
and 
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Equation (16) states an important assumption of Oriani's theory: 
that hydrogen-induced cracking will proceed only when the concentration of 
hydrogen at some point near the crack tip, c', reaches some critical concen- 
tration, c". As indicated in equation (16), the hydrogen concentration, c', 
will be a dynamic function of the following factors: 
stress across the plane of the crack, a i ;  the hydrogen fugacity, fH; and the 
crack velocity, da/dt, as determined by the rate controlling mechanism, M. 
Equation (17) is a local failure criterion which, when satisfied, leads to 
local lattice decohesion. This criterion states that decohesion will occur 
when the local tensile stress, 0.1, (which at the tip of an elastic crack is 
equal to the indicated function of applied stress, u,  crack length, L, and 
crack-tip radius, p)  is greater than, or equal to, the product of the reduced 
cohesive force of the metal-metal bond, Fm(ctt) and the number of such bonds 
at the crack tip. 
equation for failure of elastic materials (19) and, more significantly, to the 
criterion proposed by Stoloff and Johnson ('O) for environment-induced propa- 
gation of cracks. 
that of Stoloff and Johnson is that Oriani recognizes the dynamic character 
of the parameters p and Fm(ctt) while Stoloff and Johnson consider only the 
static condition. 
namely, 
the local tensile 
This failure criterion is similar to both the Griffith 
One important difference between Oriani's criterion and 
In order to discuss Oriani's model in terms of the data of this investi- 
gation, it is useful to rewrite equation (17) in terms of fracture mechanics 
parameters. 
proportional to the limiting value of the elastic stress concentration factor, 
2 ( L / p ) l i 2 ,  as the root radius approaches zero. This would imply that for very 
sharp cracks (where p is small with respect to the crack depth) 
As originally shown by Irwin(Z1), the stress intensity, K, is 
-21- 
K ci 20(L/p)”~ 2 nFm(ctt) 
However, experimental data indicate that even for sharp cracks, fracture 
toughness values can be somewhat dependent on crack tip radius.(22) 
effect is probably caused by the influence of tip radius on the plastic 
zone size. Therefore, it is reasonable to rewrite equation (18) as 
This 
K 2 f(p) nFm(ctl) (19) 
where f(p), the proportionality constant, is an undefined function of p. It 
can be seen that this equation has the same general form as Oriani’s failure 
criterion (equation 17). In equation (19), however, the failure criterion is 
stated in terms of K rather than 0; and it does not specify the functional 
dependence of K on p. 
assumed that equation (19) is equivalent to Oriani’s failure criterion 
(equation 17) .  
For the remainder of this discussion, it will be 
From equation (19) and the assumptions given by equation (16), it can be 
seen that for a constant p ,  a threshold stress intensity will exist, below 
which no crack growth will occur; this threshold will be established by the 
value n Fm(cfl) and influenced by parameters influencing the concentration of 
hydrogen, c’, in the metal lattice. The two distinct stages of crack growth 
(Stages I and 11) are interpreted in terms of mixed control by kinetic pro- 
cesses. Stage I is assumed to involve the elastic interaction between hydro- 
gen and the tensile stress field at the crack tip, Increasing the applied K 
results in an increase in the stress at the crack tip, as well as an increase 
in the hydrostatic stress in the lattice near the crack tip, an increase in 
the potential gradient for lattice diffusion, and thus, a lowering of n Fm(cl). 
-22- 
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Stage I growth will have a finite K dependence, reflecting both the contribu- 
tions of the raising of 0' and the lowering of Fm(ct). Stage I1 growth occurs 
when the crack growth rate becomes sufficiently rapid that an equilibrium sub- 
z 
surface hydrogen concentration can no longer be maintained, and the overall 
rate of hydrogen transport becomes determined by the input reactions in the gas 
phase o r  on the crack tip surface. 
are unaffected by the value of applied K, Stage I1 growth will reflect only 
If these controlling transport reactions 
the K dependence caused by increasing (5 . z 
Comparison of Theory with Observation 
A quantitative comparison of the theory of Oriani requires that we know 
the exact functional form of the parameters f(p) and F,(c"). Unfortunately, 
forms of these parameters are not available to us at present and, thus, only 
a qualitative comparison between data of this study and the predictions of 
theory is possible. 
As previously discussed, the theory of Oriani suggests that crack growth 
is the final result of a combination of chemical and mechanical factors. The 
instantaneous stress intensity is postulated to be a dynamic function of these 
factors as well as of the crack growth rate. 
crack growth are distinctly separate from one another in both theory and experi- 
ment, we will discuss these stages separately. 
ered first and in greatest detail, for it is this behavior which has been least 
studied and which is least understood. 
discussed in the last section. 
Because Stage I and Stage I1 
Stage I growth will be consid- 
Stage I1 growth will be more briefly 
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Stage I Growth 
Oriani's model suggests that during Stage I crack growth, hydrogen in the 
metal lattice just below the crack tip surface is in equilibrium with hydrogen 
in the environment. Through the elastic interaction between this interstitial 
solute and the tensile stress at or ahead of the crack tip, hydrogen is trans- 
ported to some location where the lattice cohesive force, n Fm, is lowered to 
n Fm(c'). 
dependent on hydrogen fugacity. 
all other experimental conditions remaining constant), crack growth will occur 
at stress intensities above some finite threshold value, Km. Such a 
not observed in this investigation. For the 4130 steel, the Stage I curve 
appeared to have a finite (and apparently constant) slope for all stress inten- 
sities down to the lowest at which crack growth rates could be reliably mea- 
sured (- m s ) ,  However, this observation does not imply that a threshold 
may not exist at some still lower stress intensity; a threshold might be 
observed if crack growth rates could be reliably measured with greater 
sensitivity. 
For any fixed crack growth rate, the magnitude of this reduction is 
Therefore, for a fixed hydrogen fugacity (with 
was 
- 1  
From Oriani's model, at a constant crack growth rate, increasing the hydro- 
gen pressure should increase the hydrogen concentration in the lattice, decrease 
F (c'), and decrease K. 
test temperatures of this study (Figs. (12), (13) and (14)). The rather strong 
pressure dependence of K in Stage I noted in this investigation is in agreement 
This prediction is supported by the data at the three m 
with the strong dependence measured by Oriani and Josephic.'") It is not, 
however, what might be expected from a simple relationship between lattice con- 
centration and environmental hydrogen pressure. 
cal to expect that the lattice concentration, and therefore the crack growth rate, 
should be proportional to P 
From Sievert's law, it is logi- 
0 . 5  ; however, the data of this investigation show 
H2 
-24- 
L 
. 
K a P-Oo2, which through equation (3) is equivalent to a relationship between 
crack growth rate and hydrogen pressure of (da/dt) I a exp(Po' 2), equation (8). 
This disagreement appears to constitute a major discrepancy between the model 
and experiment. 
H2 
H2 
The large influence of hydrogen pressure (fugacity) on Stage I crack 
growth is dramatically demonstrated by an experiment originally proposed by 
Oriani (18) and later attempted by Oriani and Josephic. (") A crack was allowed 
to propagate in 11.2 kN m-2 hydrogen under conditions of decreasing K until 
the observed crack growth rate was less than l ~ l O - ~  m s 
a value of K of 23 MN m-3/2)(Fig. 17). 
then rapidly increased to 7 7 . 3  kN m - 2 ,  whereupon the crack growth rate imme- 
diately increased to 2.4~10-~ m s 
mechanical force or an associated period of incubation or acceleration). 
Cracking continued with a resulting decrease in K to a growth rate of 
1 ~ 1 0 - ~  m s 
-1 (which occurred at 
The pressure of the environment was 
-1 (without the application of additional 
-1 and a K of 18.5 MN m-2. These observations verify those made 
previously (") and, as discussed by Oriani, (18) reinforce the idea that in 
Stage I at a constant K, not only a mechanical but a chemical (unstable) equil- 
ibrium exists between the specimen and its mechanical and chemical environ- 
ment. 
of such variables as surface contamination or is a result of  variations in the 
crack tip radius, P (equation 19b). 
They also appear to eliminate the possibility that Stage I is the result 
The influence of temperature on Stage I crack growth can be seen in 
Figs. (7), (8) and (9). In hydrogen at a constant crack growth rate, K was 
found to increase significantly with increasing temperatures (Fig. (9) at a 
(da/dt)I of  m s ) . Analysis of these data yield, for the higher strength 
material, K a T2'0, or through equation ( 3 ) ,  (da/dt) a exp(T-2'0); for the 
-1 
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lower s t r eng th  material, K a T l a 4 ,  or (da/dt)  I a exp(T- la4) .  
r e l a t ionsh ips  can only be explained by theory i f  f ( p )  and/or Fm(cl)  
(equation (19b)) increase  with temperature. In  Fig. (20) it i s  seen t h a t  
when mater ia l  having t h e  same strength i s  t e s t e d  i n  water, K is  r e l a t i v e l y  
independent of temperature. 
mechanical r a t h e r  than a chemical parameter, it should depend pr imar i ly  on t h e  
meta l lurg ica l  aspects  of t h e  mater ia l ;  t he re fo re ,  it would appear t h a t  t h e  
observed d i f f e rence  between the  behavior i n  hydrogen and t h a t  i n  water would 
e l imina te  f ( p )  from being t h e  var iab le  predominantly responsible  f o r  t h e  
observed temperature dependence. 
which would appear t o  r e in fo rce  t h i s  view. 
a t  a constant  temperature of 102OC under condi t ions of decreasing K u n t i l  t h e  
observed crack growth r a t e  was l e s s  than l ~ l O - ~  m s 
Such func t iona l  
Since the  va r i ab le  f ( p )  can be assumed t o  be a 
An addi t iona l  experiment was a l s o  performed 
A crack was allowed t o  propagate 
-1 and K had dropped t o  
33 MN m-2 (Fig. (10)).  
as r a p i d l y  as poss ib le  (< 5 min) whereupon t h e  crack growth r a t e  increased t o  
7x10-' m s 
Since it i s  d i f f i c u l t  t o  conceive of mechanisms by which decreasing t h e  temper- 
a t u r e  would cause a blunted crack t o  become rap id ly  sharp,  it appears t h a t  t h e  
parameter f (p )  cannot be t h e  predominant term responsible  f o r  t he  observed 
temperature dependence of K. 
t i o n a l  dependence of Fm(cl) on T, it i s  equal ly  d i f f i c u l t  t o  conceive t h a t  t h i s  
parameter i s  responsible  f o r  t h e  observed temperature dependence. 
i s  l o g i c a l ,  based on theory,  t o  expect t h a t  t h e  parameter i s  d i r e c t l y  r e l a t e d  
t o  t h e  rate of operat ion of some r a t e  con t ro l l i ng  mechanism. Since most such 
mechanisms are thermally ac t iva ted ,  it i s  expected t h a t  increasing t h e  temp- 
e r a t u r e  would increase t h e  r a t e  of reac t ion ,  increase  the  fugaci ty ,  and thereby 
A t  t h i s  point ,  t h e  temperature was decreased t o  24OC 
-1 without a de tec tab le  period of e i t h e r  incubation o r  acce lera t ion .  
However, without knowing t h e  form of the  func- 
In  f a c t ,  it 
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decrease F,(c'). This result would mean a decrease in K for a constant crack 
growth rate. This effect, of course, is the opposite to what is observed and 
again represents an apparent discrepancy between theory and experiment. 
The observed influence of strength level on Stage I growth in hydrogen 
and water is seen in Figs. (18) and (22 ) ,  respectively. The functional depen- 
dence is simiiar for the two environments and is described by the proportion- 
ality K a cr-5 This behavior is in qualitative agreement with that predicted tY 
by the model. Decreasing the strength level of the alloy should increase the 
plasticity of the material, thus increasing f(p). Additionally, decreasing 
the yield strength of the material could decrease the hydrogen fugacity by 
decreasing the elastic stress gradient and causing an increase in Fm(cl). 
Increases in both f(p) and F,(c') would require an increased value of K to 
maintain a given crack growth rate. 
As has been seen, there are areas of qualitative agreement and areas 
of apparent disagreement between Oriani's model and the data of this inves- 
tigation. 
should be strongly dependent on K (because of the contribution of stress to 
both sides of equation (19)) and that the dependence should decrease at 
higher da/dt values, (da/dt)II, when F (c') becomes stress independent 
(because of rate limiting surface reactions). 
dicts the observed increase in K (for a given (da/dt)I) with decreasing yield 
strength. 
The data agree with the predictions of the model that (da/dt)I 
m 
The model qualitatively pre- 
Points of apparent disagreement between the model and the data 
concern the effect of temperature 
intensity at a constant (da/dt) I. 
below. 
and the effect of pressure on the stress 
These points will be briefly discussed 
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The data of this investigation as well as the work of previous investi- 
gators (2' 3, suggest that the functional relationship between (da/dt) I and K 
has the form 
(da/dt)I = At exp(mtK) (20) 
Such a relationship has, in fact, been theoretically predicted by L~u(*~) for 
an embrittlement model similar to Oriani's. 
can be given as 
His relationship for crack growth 
(da/dt) = A exp(mK/kT) exp(AH/kT) (21) 
where A is an undefined pre-exponential term, m is a parameter related to the 
interaction volume, AH is an apparent heat of reaction, k is the Boltzman con- 
stant, and T is absolute temperature. 
of equation (19) gives 
Rearranging equation (21) in the form 
kT ln[(da/dt),/A] - AH 
m K =  
It can be seen that this equation is functionally equivalent to Orianils 
failure criterion if 
and 
kT ln[(da/dt)I/A] - AH = Fm(ct) (23) 
L 
Assuming such a comparison is possible, equation (22) can be used to show 
qualitative agreement between Oriani's model and the observed temperature 
dependence of K. If the apparent heat of reaction, AH, is small with respect 
28 
to kTln[(da/dt)I/A], then increasing the temperature should cause an increase 
in K (at a constant value of (da/dt)I). 
for 4130 steel at both strength levels (Figs. (7) and (8)) in a gaseous hydro- 
gen environment. However, equation (22) would never predict a temperature 
dependence greater than 
This is the trend shown by the data 
K a T1 
unless m or A was also slightly temperature dependent. 
or in disagreement with the data of this investigation to expect that this 
might be the case. This, relationship then, could be more nearly consistent 
with the observed temperature dependence of K for cracking in hydrogen which 
was demonstrated in Fig. (9). 
It is not unreasonable 
If, however, the apparent heat of reaction, AH, was large with respect 
to kT ln[(da/dt)I/A], increasing the temperature would have only a negligible 
effect on Fm(cr) and the only effect of temperature on K would be due to any 
effect on f(p) (i.e., l/m). This might be the case for the cracking of 4130 
steel in water. 
where the data of Fig. (9) as well as the data for K at (da/dt)I of lo7 m s-’ 
from Fig. (20) are replotted on linear coordinates. The curves shown on 
Fig. (23) were constructed by estimating values of m from the data of Figs. (7) ,  
(8) and (23) at a temperature of 297’K and then making the following assumptions: 
This hypothesis is demonstrated graphically in Fig. (23) 
l/m = f(p) a T 1/2 
A = f(T) 
AH for H2 = 25,000 J mole-’ 
and 
AH for H20 = 130,000 J mole-’ 
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There is no specific basis for any of these assumptions except that they 
appear reasonable and produce a good fit between the curves and the data. 
The relatively good fit between the curves and the data means only that the 
model of Oriani (as well as the model of L~u(*~)) is, at the least, quali- 
tatively consistent with the relationship measured between K in Stage I and 
the test temperature for cracking in both hydrogen and water environments. 
The observed effect of pressure on K in Stage I cannot be as easily 
reconciled with Oriani's model. As mentioned earlier, the observed increase 
in K with decreasing P 
of the model and in agreement with earlier observations. (15) 
is in qualitative agreement with the predictions 
H2 
However, the 
magnitude of the increase observed is difficult to reconcile with the assump- 
tion of equilibrium conditions. The equilibrium relationship between 
(da/dt)I and PH predicted by Oriani's model would be 
2 
(da/dt), ci P1j2 at constant K 
H2 
which, by examining equation (3)  or equation (21), can be seen to be equivalent 
to 
c 
K ci - 1/2 In P 
at constant (da/dt)I. 
from the measured relationship: 
This predicted behavior is significantly different 
K ct P-Oo2 
This difference remains as the only major discrepancy between the model of 
Oriani (applied to Stage I behavior) and the results of this investigation. 
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Stage I1 Growth 
As has been discussed by several authors, the crack growth behavior 
observed at high stress intensities, defined as Stage I1 growth, is probably 
the result of some rate limiting transport reaction. 
in his model (18) that for high strength steels, this reaction is probably a 
surface reaction of a type similar to that originally proposed by Williams 
and Nelson. ('O) The smaller K dependence of (da/dt)II is then the result of 
F (c') being determined solely by this rate limiting surface reaction. If 
this surface reaction is independent of K, Fm(c') would also be independent 
of K. Only the left hand side of the failure criterion (equation (19)) 
would be affected by K and the slope of the (da/dt)II versus K curve would be 
much smaller than the slope of Stage I. 
is observed in the present investigation in both hydrogen (Fig. 7)  and water 
(Fig. 20). 
Oriani has suggested 
m 
This situation is similar to what 
The K dependence of (da/dt)II as a function of yield strength was 
tY observed to be nearly constant for o 
at lower strength levels the slope was observed to increase with decreasing 
u (Fig. 18). This anomalous behavior is similar to the results of tests 
conducted at two strength levels in hydrogen as a function of temperature 
(Figs. 7 and 8) where the K dependence of (da/dt)II was relatively temperature 
independent for temperatures below some (apparently) critical value. Above 
these temperatures, however, the slope increased with increasing temperature. 
Finally, by comparing Figs. (7)  and (20), it is seen that the K dependence of 
(da/dt)II is dependent on environment, with the slope in hydrogen (equation ( 6 ) )  
being about twice as large as the slope in water (equation (15)). 
two of these observations can be rationalized with the model of Oriani. Above 
= 1330 MN m-2 to 1230 MN m-2; however, 
tY 
The first 
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some temperature and below some strength level, it is reasonable to expect 
an increased propensity for crack-tip blunting. This effect could cause a 
significant increase in f(p) which would result in an increase in the Stage I1 
slope. 
necessarily predicted by Oriani’s model. 
slope is not entirely determined by the left hand component of equation (19b), 
but that it is dependent on some environment-sensitive parameter. If this sug- 
gestion is true, and if Stage I1 is actually a result of some surface reaction, 
this reaction must also be stress-dependent for at least one of the two 
environments. 
However, the effect of environment on the Stage I1 slope is not 
This observation suggests that the 
The functional dependencies of (da/dt)II on T and P (equations (7) 
H2 
and (12)) are, in general, consistent with those initially reported for 4130 
steel by the authors of the present paper. (‘O) Recently, similar observations 
have been reported by Sawicki,(2) Hudak,(3) and Kerns and Sta~hle‘~) for other 
iron base alloys. 
responsible for the Stage I1 region are in dispute, (24’25) there is general 
agreement that this stage of growth is controlled by some process(es) occurring 
at the crack tip surface. 
investigation and those of the earlier investigation (lo) (both on 4130 steel) 
Although the specific details of the kinetic processes 
The only difference between the results of this 
for Stage I1 growth is that the apparent heat of reaction at high temperatures 
(Region I) was greater in the present study than that measured earlier. Thus 
the apparent heat of reaction at high temperatures for 4130 steel more nearly 
equals that measured by Hudak for 18 Ni (250) maraging steel;(3) however, it 
is in poorer agreement with that measured by Sawicki for H-11 steel. (2) 
One additional difference was noted in this study for the Stage I1 behavior 
of 4130 steel as compared to the previously observed behavior of 18 Ni (250) 
32 
maraging steel(3) and H-11 steel, (*) 
4130 steel was found to exhibit a finite slope, whereas in the other two 
materials, Stage I1 appears truly independent of K .  In water, 4130 steel also 
exhibits a finite slope, as does H-11 steel,") but 18 Ni (250) maraging steel 
does not. (" 26) 
Oriani's model and may be the result of secondary influences such as crack 
In hydrogen, the Stage I1 growth for 
This seemingly inconsistent behavior is not predicted by 
branching, as suggested by Carter. (5) 
In general, it can be stated that while Oriani's model does not actually 
address itself in detail to Stage I1 growth, the results of this investigation 
for Stage I1 are consistent with the theory. 
result was the observed effect of the Stage I1 slope on environment. 
while not actually predicted by the model, this behavior is not inconsistent 
if the controlling surface mechanism is postulated to be stress-sensitive. 
The only unexpected Stage I1 
However, 
CONCLUDING REMARKS 
The prime objective of this study was accomplished: to develop a set of 
quantitative experimental results which might be used as a basis for developing 
and/or verifying a quantitative theory of hydrogen embrittlement. 
growth rate (da/dt) versus stress intensity (K) curves were obtained for 
AISI-SAE 4130 low alloy steel exposed to either high purity, gaseous hydrogen 
or distilled water environments; the curves were obtained as a function of 
Slow crack 
strength level, hydrogen pressure, and temperature. As a first attempt at 
comparing data with theory, the data of this study were compared with the 
qualitative predictions of the lattice decohesion theory as recently modified 
by Oriani. These data provide some support for the basic ideas of this theory; 
however, the pressure dependence of Stage I crack growth observed in this study 
cannot be explained in terms of Oriani's analysis of the embrittlement process. 
33 
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Fig. 1. - General form of environment-induced crack growth as a function of 
applied stress intensity. 
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Fig. 2. - Hydrogen-induced crack growth as a function of applied stress inten- 
sity f o r  hardened 4130 steel and 18 Ni (250) maraging steel. 
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Fig. 3. - SEM micrograph of the fracture surface of the portion of a specimen 
failed in the transition region between Stage I1 and Stage 111. 
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Fig. 4. - SEM micrograph of the fracture surface of the portion of a specimen 
failed mid-range of Stage 11. 
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Fig. 5 .  - SEM micrograph of t he  f r a c t u r e  sur face  o f  t h e  por t ion  of  a speci-  
men f a i l e d  i n  Stage I1 near Stage I t r a n s i t i o n ;  (a) low magnifica- 
t i o n ,  (b) high magnification. 
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Fig. 6. - SEM micrograph of the fracture surface of the portion of a specimen 
failed in Stage I; (a) a low magnification, (b) high magnification. 
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Fig. 7. - The K dependence of da/dt a t  var ious temperatures i n  7 7 . 3  kN rn-2 
hydrogen fo r  4130 s t e e l  having a y i e ld  s t r eng th  of  1330 MN m-2. 
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Fig. 8 .  - The K dependence of da/dt a t  various temperatures i n  7 7 . 3  kN rn-2 
hydrogen fo r  4130 s t e e l  having a y i e l d  strength of 1190 MN m - 2 .  
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Fig. 10. - The inf luence of a change i n  temperature on Stage I crack growth 
i n  7 7 . 3  kN m-2 hydrogen. 
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Fig. 11. - An Arrhenius p l o t  o f  t h e  temperature dependence of (da/dt)II  a t  a 
constant  K i n  7 7 . 3  kN m-2 hydrogen f o r  4130 steel having y i e ld  
s t r eng ths  of 1330 and 1190 MN m-2. 
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Fig. 12. - The K dependence of da/dt at various hydrogen pressures at -43OC. 
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Fig. 14, - The K dependence of da/dt at various hydrogen pressures at 75'C. 
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Fig. 17. - The inf luence  of a change i n  hydrogen pressure  on Stage I crack 
growth a t  24 O C .  
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Fig .  18. - The K dependence of da/dt  i n  7 7 . 3  kN m-2 hydrogen f o r  4130 s t e e l  
having var ious s t rength  l eve l s .  
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Fig. 19. - The inf luence of s t rength l eve l  on K a t  a constant (da/dt)I  i n  
7 7 . 3  kN m-2 hydrogen a t  24'C. 
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Fig.  20. - The K dependence of da /d t  a t  var ious  temperatures i n  d i s t i l l e d  
water f o r  4130 s t e e l  having a y i e l d  s t r eng th  of  1330 MN m-2. 
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